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Abstract

Human amniotic membrane (hAM) has been employed as scaffolding material in a

wide range of tissue engineering applications, especially as a skin dressing and as a

graft for corneal treatment, due to the structure of the extracellular matrix and excel-

lent biological properties that enhance both wound healing and tissue regeneration.

This review highlights recent work and current knowledge on the application of

native hAM, and/or production of hAM-based tissue-engineered products to create

scaffolds mimicking the structure of the native membrane to enhance the hAM per-

formance. Moreover, an overview is presented on the available (cryo) preservation

techniques for storage of native hAM and tissue-engineered products that are neces-

sary to maintain biological functions such as angiogenesis, anti-inflammation,

antifibrotic and antibacterial activity.
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cryopreservation, cryoprotective agent (CPA), extracellular matrix (ECM), human amniotic
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1 | INTRODUCTION

Tissue Engineering (TE) is an interdisciplinary field involving process

engineering, material science, biology, chemistry, physics, and medi-

cine, which focuses on the development of tissue analogs aimed at

supporting cellular responses towards successful regeneration of lost

or damaged tissues and organs. TE includes cells, scaffolds, and

growth factors or biomolecules to induce tissue growth. The basic

idea behind TE is the production of a new functional scaffoldless or

scaffold-based tissue structure, which can be in the form of tissue-

engineered constructs (TECs) or tissue engineered products (TEPs) as

commercialized TECs alternatives.

TECs are obtained by the colonization of a scaffold with cells, which

should be able to proliferate, differentiate, and replicate the cell/tissue

function. The scaffold acts as a platform for cell seeding and should allow

cell infiltration for the development of a functional tissue.1,2 Hence, the

cells require the development of a biocompatible scaffold from native

human tissue, synthetic material, or a combination of the two that mimics

the extracellular matrix (ECM).1,3,4 The ideal scaffold should be biodegrad-

able, meaning that once transplanted or inserted into the native tissue

environment, it should degrade in a non-toxic manner being replaced by

native components once tissue regeneration is completed and normal

physiological functions are restored. Another important TE process is the

storage of the TEPs, which is an inevitable step in ensuring their on-
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demand availability for clinical applications and testing of novel

therapeutics.

In order to obtain an appropriate scaffold, many types of native tis-

sues can be used as scaffolding material. One of the most explored tis-

sues is human fetal membranes, (e.g., human amniotic membrane [hAM]

and chorionic membrane), whose clinical use dates back to the begin-

ning of the 20th century when the amniotic membrane was first used

as superficial skin dressings.5 Moreover, being a readily available bio-

compatible material, these membranes could be collected at the time of

birth after informed consent. hAM consists of outstanding structural

and regenerative-associated components, such as growth factors, colla-

gen, and glycoproteins, which can be used for wound healing, and tissue

re-modulation or regeneration. However, some challenges arise for spe-

cific applications, mostly due to the mechanical stability, differences

between donors, and changes in the membrane properties related to

the preservation method.6 In this review, recent studies on the applica-

tion of native hAM as a scaffold and hAM-based TECs are discussed.

Moreover, an overview of preservation techniques for hAM is pres-

ented. In a general search in Scopus with the keyword “hAM+scaffold”
a total number of 279 publications (period 2000–2020) were found

with an increased trend in the number of publications over the last

10 years. This trend could be related to an increase in TE research in

the last two decades. However, within these 279 publications, there is a

noticeable mismatch among the number of publications related to hAM

TE and the number of publications elaborating on their storage methods

(keywords “hAM+storage+scaffold”), for example, only seven storage-

related publications within the last 10 years were found. Finally, with

the keywords “hAM+storage,” a total number of 95 publications classi-

fied from 2000 to 2020 were found with an increasing rate of publica-

tion in the field over the last 5 years as shown in Figure 1.

1.1 | Human amniotic membrane

The amniotic and chorionic membranes (i.e., also referred to as amnion

and chorion, respectively) are part of the fetal portion of the placental

membranes. The amnion is in contact with the fetus, while the chorion is

adjacent to the endometrium (maternal tissue).7 hAM is the innermost

layer of the placenta with a thickness between 20 and 50 μm and con-

sisting of five different layers, as described in Figure 2(a): a single layer of

epithelium, a basement membrane, a compact layer, a fibroblast layer,

and a spongy layer. The basement membrane contains collagen Types IV

and VII, fibronectin, laminin, as well as hyaluronic acid secreted by the

epithelial layer.8-10 The compact layer is composed of collagen Types I

and III synthesized by mesenchymal stem cells, whereas the fibroblast

layer contains macrophages. Lastly, the spongy layer allows the hAM to

slide upon the chorion.11,12 The hAM and the chorion form the fetal

membranes, and both layers can be separated as shown in Figure 2(b).

Since 1910, hAM has been used for therapeutic purposes such as skin

transplantation.13,14 The first application of hAM in ophthalmology was

described in 1940 by de Röth to repair symblepharon and conjunctival

defects.15 In addition, hAM became in the second half of the 20th century

one of the first biomaterials to be used in the development of tissue-

engineered constructs supporting cell migration and growth of new tis-

sue.5,10 Recently, since 1995 reports on its application in TE have

increased with hAM being used as a biomaterial for soft TE in the fields of

dermatology, plastic surgery, skin transplantation, and as a biological dress-

ing for ophthalmic healing.8,10,16 Moreover, hAM continues to gain traction

as a novel material in the cardiac field due to its outstanding properties as

a scaffold for blood vessels9 and as a pericardial substitute.17

1.2 | Biological properties

hAM has proven to be an outstanding scaffold for TE owing to its ability to

allow the transport of water and the presence of growth factors such as the

epithelial growth factor.8 hAM has advantageous characteristics including:

(a) anti-inflammatory effects owing to the production of anti-inflammatory

factors such as hyaluronic acid; (b) suppression of pro-inflammatory cyto-

kines; (c) anti-bacterial properties due to molecules such as β-defenses and

elafin12; (d) anti-fibrotic properties due to the down-regulation of TGF-β and

its receptor expression10; (e) low antigenicity18; as well as (f) immunomodu-

latory properties as a result of the factor secreted by the epithelial cells,

which inhibits the migration of macrophages and natural killer cells to pre-

vent a maternal immune attack.12 So far, two types of cells can be isolated

from the hAM: amniotic epithelial cells (AEC) and amniotic mesenchymal

stem cells (aMSC) derived from the epithelium and stromal layer. Further

information on the biological characteristics of amnion derived MSCs and

applications can be found in detail in the review by Parolini et al..19

1.3 | Mechanical properties

The mechanical properties of hAM, such as elasticity, stiffness, and tensile

strength are related to the composition of the placenta. The orientation

of the collagen fibrils in the ECM is responsible for the tensile strength,

whereas the elastic deformation is related to the presence of elastin

fibers,12 laminin, hyaluronic acid and glycosaminoglycan.7 Some research

has shown the amniotic membrane shear modulus to be between

100 and 400 Pa, with the difference in measurements related to the state
F IGURE 1 Number of publications in the period 2000–2020
related to the keywords hAM, scaffolds and storage
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of the hAM used.20 Decellularized hAM presents higher shear modulus

than native one, because the denudation process dehydrates the mem-

brane and thus decreases its thickness. It has also been shown that the

elastic modulus decreases with increasing hAM thickness.20,21 Moreover,

the reported values of elastic modulus differ between hAM from distal

(�135 Pa) or proximal parts (�62 Pa) in the placenta,20 which could be

attributed to the thickness of the membrane, the tissue composition, and

to a time-dependent viscoelastic property of creep of the hAM. This vis-

coelastic property is related to the increase in the amniotic fluid volume

and fetal development during gestation.12

2 | HAM PREPARATION

2.1 | Collection and preparation

In general, hAM is obtained from the human placenta, which is collected

by medical staff from pre-selected donors after the cesarean delivery

with informed consent. hAM could also be collected from vaginal deliv-

ery; however, in this case, there is a risk of contamination by normal flora

during the process. For this reason, the collection under strict aseptic

conditions after cesarean delivery is preferred. Following the collection,

the placenta is stored in a sterile container and transported for

processing. The transport time should be as short as possible with a rec-

ommended maximum time of 24 hr. If the transportation time is less than

2 hr after the delivery, the placenta may be transported at room tempera-

ture. Otherwise, for transportation longer than 2 hr, the temperature may

not exceed 2–8�C. In this case, a sterile solution such as saline solution or

phosphate-buffered saline (PBS) should be placed in the container to pro-

tect the tissue from dehydration.22

Prior to preparation, the placenta is decontaminated to remove path-

ogens. This may be performed by rinsing with sterile saline or PBS, and in

some protocols with antibiotic/antimycotic solution. The blood clots pre-

sent in the membrane are afterwards removed through rinsing, and

finally, the amnion and chorion are separated manually (Figure 2(b)). The

hAM is washed with saline solution, cut in pieces of the desired size, and

placed on a carrier such as nitrocellulose.8 Proper screening is required to

test for infectious diseases such as human immunodeficiency virus (HIV)

Type 1 and 2 antibodies, Hepatitis C antibody, Hepatitis B surface anti-

gen, Hepatitis B core total antibody, serological test for Syphilis, HIV Type

1 nucleic acid test, and Hepatitis C virus.23 The requirements for testing

may differ depending on local or regional guidelines and directives.

2.2 | Decellularization

As described previously, hAM contains fibroblasts, mesenchymal stem

cells, and a layer of epithelial cells. The non-decellularized hAM shows

appropriate performance as a scaffolding material, with only a few studies

showing a slight immunogenic response that caused inflammation in the

F IGURE 2 Human placental membranes, (a) Schematic representation of the structure of hAM, and the composition of extracellular matrix
for each layer. (b) General appearance of the human fetal membranes (left image). The hAM is a thin translucent layer attached to the chorionic
membrane (CM) (right image)
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treated tissue.24,25 Decellularization helps eliminate possible immunogenic

responses by removing the cells and cellular debris from the amniotic mem-

brane while leaving the extracellular structural proteins intact. Several

decellularization methods using ethylenediaminetetraacetic acid (EDTA),

trypsin, dispase, urea, Triton-X100, and thermolysin exist and have been

applied to date. The success of the decellularization process is analyzedwith

optical microscopy, fluorescence staining or DNA quantitative essay.More-

over, the adequate preservation of the ECM in the decellularized hAM

improves the interaction of different cell types with the

membrane.17,18,26,27

3 | HAM SCAFFOLD TISSUE ENGINEERING

3.1 | Challenges of native hAM

Despite its excellent biological characteristics, the use of native hAM

poses significant challenges due to differences in the content of

growth factors and regulators for the ECM remodeling, the region of

the membrane, and the delivery method among donors.28

Furthermore, the low biomechanical consistency, rapid

biodegradation,27 and the large amount of expensive testing that is

required from donors to ensure that the transmission of diseases

does not occur hinders the use of native hAM.10 Besides, even after

testing, there might be complications during its usage due to the

transmission of bacterial, viral, or fungal infections. In relation to the

former, the rates of postoperative contamination reported in the lit-

erature are contradictory, with the experience of most authors29

(5000 transplants), and the German Society for Tissue Transplantation

(DGFG) (6000 transplants) showing no associated contamination,

while other authors8 indicate values to be between 1.6 and 8%. In

addition, Notify library has reported only three microbial contamina-

tion adverse reports of medical products with hAM since 1998;

however, none of them are used for transplants.30

Other secondary complications that may occur during the applica-

tion of hAM are related to inflammation. Despite the reports about

hAM's anti-inflammatory properties, some research groups have indi-

cated a minor inflammatory response in histological sections of

wounds grafted with hAM.31 In addition, the storage method of hAM

should be followed with extra care as some studies have shown a

reduction in hAM cell viability (if high cell viability is required) after

thawing, especially for periods longer than 6 months.32

For the reasons outlined above, TE of amniotic membranes pro-

vides an excellent alternative to establish scaffolding material with

more homogenous properties than native tissue. In the following sub-

sections, the primary methods to produce scaffold materials for TE

are further described and discussed.

3.2 | Scaffold fabrication techniques

Several approaches are employed to fabricate scaffolds for TE. The

ideal technique, however, depends on the desired properties of the

tissue to be regenerated. For instance, allogeneic grafts are used as a

replacement for the patient tissue. Other techniques involve synthetic

materials to create scaffolds with desired properties. The most used

methods with their advantages and disadvantages, as well as the

incorporation of hAM, are described below.

3.2.1 | Allogeneic grafts

Allogeneic grafts are off-the-shelf tissues in which the natural ECM

acts as a mimic for the native tissue to be replaced. Depending on the

source, their availability can be less limited, such as it is in the case of

fetal membranes which are usually treated as waste.33

In contrast, the implantation/transplantation of allogeneic grafts

between donors and recipients may trigger an immunological response.

To decrease their immunogenicity, allogeneic grafts can be decellularized

to remove cells and cellular components while retaining the properties of

the ECM,1 as it has been conducted with proven success, for example,

for heart valves.34 Due to the unique properties of hAM, decellularization

may not be necessary, as hAM is considered to be an immune-privileged

material which rarely causes deleterious allogeneic immune reactions.

Likewise, hAM has been used as an allogeneic graft for the treat-

ment of skin, eyes, cartilages, nerves, and blood vessels. For oral and

periodontal tissues, for instance, one advantage of hAM graft is the

adaptability to different cavity morphologies. However, the degradation

of hAM in the oral environment together with the mechanical properties

required to resist masticatory forces are considered as a challenge.23

In TE of blood vessels (TEBV), hAM reduces the development

time of the scaffold as it can be used directly as a matrix for endothe-

lial cell culture in a one-step fabrication process. Moreover, in TEBV,

the scaffold exhibited good mechanical response to simulate physio-

logical shear stress (12 dyne/cm2, similar to arterial stress) for 4 days.

Although the properties of native hAM are adequate for this kind of

application, the remodeling process in the hAM-based TEBV should

be studied in more detail.9 Furthermore, hAM used in clinical trials as

a graft in the treatment of human burns showed enhanced healing in

comparison with atopic treatments (average healing with hAM around

13 days and an average of 23 days healing atopic treatment).35

3.2.2 | Hydrogels

Hydrogels are frequently employed as scaffolds because of their three-

dimensional crosslinked hydrophilic polymeric network structure that

can absorb and retain water. This hydrophilic characteristic is also pre-

sent in fetal membranes in which hAM acts as a membrane to transport

water-soluble components.1 Murphy et al. 36 proposed a hyaluronic

acid hydrogel with the inclusion of solubilized amniotic membrane (con-

taining cell-derived cytokines and growth factors) for effective treat-

ment of wounds, assuring wound closure, and healing with cosmetic

outcomes. They demonstrated the efficacy of the novel material as a

wound treatment in a murine model as the material accelerated wound

closure and prevented wound contraction after 14 days of implantation.

LEAL-MARIN ET AL. 1201
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Nonetheless, the rapid degradation of hydrogels due to its components

is difficult to control; it becomes much faster in aqueous environments

such as body fluids. Cell penetration and lack of vascularization are addi-

tional challenges for this type of approach.37

3.2.3 | 3D printing

The technique of 3D printing, or rapid prototyping, is one alternative to con-

trol the scaffold morphology and appearance through layer-by-layer deposi-

tion of a curable polymer. 3D printing has been used as an alternative for

building scaffolds intended to replacing hAM in ocular defects. Dehghani

et al.31 proposed a 3D printed membrane using a gelatin, elastin, and sodium

hyaluronate blend for conjunctival reconstruction as an alternative to hAM.

The 3Dmembrane exhibited optimal physical and mechanical characteristics

for ocular surface/conjunctival construction and as shown in a rabbit model,

presented a more predictable degradation pattern, less inflammation, and

reduced scar tissue formation in comparison with native hAM. To current

knowledge, direct 3D printing of hAM has not been established yet. Skardal

et al.38 printed amniotic fluid-derived stem cells resuspended in fibrin-

collagen gel over the wound site of injuries in mice skin showing better-

wound closure and re-epithelization after 14 days as compared to pure

fibrin collagen gel. One of the main disadvantages of 3D printing is the

impossibility to reach sizes in the nanometric range (100–500 nm) in the

structural elements comparable to those elements in the ECM.

3.2.4 | Electrospinning

Electrospinning is an outstanding technique to mimic the native

ECM allowing for the fabrication of scaffolds with nano-to-

micron diameter fibers, similar to the size of fibers found in the

ECM such as collagen (500 nm) and elastin (400 nm)39 also pro-

viding a functional environment for cell growth and tissue regen-

eration.3,40 Previous studies of decellularized hAM presented a

tissue structure similar to the one that can be obtained through

manufacturing techniques such as electrospinning.17 In the

electrospinning process, a polymeric solution is contained in a

syringe. The solution gets charged by connecting a power source

to a blunted needle placed at the outlet of the syringe. The

charged solution is then pumped at a defined rate towards a

grounded target (collector). The final electrospun membranes

have a similar pattern to the structure present in fetal mem-

branes, as shown in Figure 3.

Szentivanyi et al.41 and Suresh et al.42 discussed the effect of sev-

eral parameters of the electrospinning process on the scaffold's fibers,

pore size, and porosity, which are critical to produce scaffolds with char-

acteristics close to ECM. The parameters and properties influencing the

scaffold properties can be divided into process parameters (voltage, flow

rate, distance), environment parameters (processing temperature,

humidity, partial pressure) and solution properties (viscosity, conductiv-

ity, surface tension).43 Among the process parameters, applied voltage

(in kV), spinning distance (in cm) and flow rate (in ml/hr) have a signifi-

cant influence on fiber and pore size as well as on the scaffold porosity.

By changing the electrospinning time, scaffold materials with varying

thicknesses can be generated and thus can be adjusted for the aimed

application. Coaxial electrospinning, which is one modification of an

electrospinning process, was also described as an option for the fabrica-

tion of scaffolds with fibers possessing a core-shell structure as pres-

ented in Figure 4. For this process configuration, different biocompatible

polymers could be employed for the core and shell to obtain a compos-

ite fiber scaffold that mimics biological tissue and that allows the con-

trolled release of active substances, such as growth factors.44

Polymeric scaffolds produced using the electrospinning technique

are also considered as promising materials for cardiovascular,45 bone,46

and nerve47 TE. The conventional materials for electrospinning scaffolds

are polymers and blended polymers, including collagen. In addition to

the application of native hAM for corneal treatment8 information

about polymers for corneal TE can be found in detail in the review

by Kong et al..48

One schematic proposal to obtain a tissue-engineered amniotic

membrane by electrospinning through the mix of polymers with hAM

F IGURE 3 Scanning electron microscopy images of native human fetal membrane (a) and porous fibrous network obtained by blend
electrospinning configuration with 5% w/v polyethylene oxide and hAM powder (b). Scale bars are 10 μm. The analyzed size of the fiber is
243 nm ± 67 nm for a and 275 nm ± 84 nm for b
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powder is presented in Figure 4. This scheme shows both blend and

coaxial configurations. The hAM powder is obtained in two steps:

(a) after collection, the native hAM is freeze-dried to ensure the

preservation of the ECM during the storage, and (b) the dried hAM is

then milled using a cryomill to obtain small particles that can be mixed

with the polymer solution for fabrication of scaffolds.

F IGURE 4 Schematic representation of a process proposal to obtain tissue-engineered membranes with hAM by blend and coaxial
electrospinning configuration

TABLE 1 Application of hAM composites and commercial products

Application Form of hAM Membrane material In vitro test In vivo test Reference

Wound healing and

tissue regeneration

hAM lyophilized

and pulverized

Scaffold with a synthetic

polymer and a natural

polymer

Keratinocytes and

fibroblast

Skin model nude mice

and Yorkshire pigs

49

hAM solubilized Hyaluronic acid hydrogel Mice 36

Reconstructive urology hAM frozen Electrospun poly-(L-lactide-co-

E-caprolactone)

Mesenchymal stem cells Wistar rats 50

Artificial cornea

material -

Keratoprosthetic

hAM

decellularized

Polyvinyl alcohol (PVA) - Rabbit corneal

epithelial cells

51

Aligned tissue

regeneration

hAM

decellularized

Electrospun fibers of PLGA - Skeletal muscle cells 52

Ocular surface

reconstruction

Amnioguard (bio-

tissue)

N/A only native hAM Clinical test 11 patients 53

Neuropatical corneal

pain

ProKera ®(bio-
tissue)

N/A only native hAM Clinical test 9 patients 54

Ocular surface

disorders

AmnioClip-plus

(DGFG)

N/A only native hAM Clinical test 7 patients 55

Premature rupture

fetal membrane

hAM cell-free

scaffold

Polyester urethane scaffold

used as a comparison

- Rabbit model 56

Vascular graft Rolled hAM N/A only native hAM - Rabbit model 57

Tendon regeneration hAM pulverized Collagen-glycosaminoglycan

Hyaluronic acid

Tenocytes - 58

Skin regeneration hAM

decellularized

Nanofibrous silk fibroin Adipose tissue-derived

mesenchymal stem cells

- 59
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3.3 | Composites

The hAM is an outstanding allogeneic graft material. However, to

improve the variability of its mechanical properties (as discussed in

Section 1.3), and the variation of biological performance (related to

storage conditions or donor variability) some works and patents have

discussed employing complementary scaffolding techniques with

hAM inclusion as summarized in Table 1, with the aim being to create

composites utilizing biomaterials that enhance the hAM scaffold effi-

cacy for different applications.11

In one study, lyophilized and pulverized hAM was combined

with synthetic and natural polymers to develop composite scaf-

folds for TE. Such scaffolds showed good responses for skin regen-

eration with a better cosmetic appearance in comparison with

native hAM alone in an animal model.49 In another study,50 frozen

hAM was covered on both sides with two-layered membranes pro-

duced by electrospinning from poly-(L-lactide-co-ϵ-caprolactone)

to form a sandwich structure. The sandwich biocomposite was

tested in bladder augmentation in Wistar rats with hemicystectomy

as a model for reconstructive urology. The regeneration of the

urothelial and smooth muscle layers was adequate, and the bio-

composite improved its mechanical resistance.

Uchino et al.51 performed the decellularization of pieces of hAM

(2 x 2 cm2) and lyophilization before immobilizing it with polymers.

This kind of composite was employed in a rabbit model as an artificial

cornea material. In this research, hAM immobilized with polyvinyl

alcohol hydrogel (PVA-AM) was compared with PVA and collagen

(PVA-COL) when seeded with rabbit corneal epithelial cells. Results

showed an improved corneal epithelialization on PVA-AM in rabbit

corneas compared to PVA-COL, suggesting the possibility of using

PVA-AM as a biocompatible hybrid material for keratoprosthetics.

In another study, scaffolds with PLGA fibers on hAM were evalu-

ated for aligned tissue regeneration of skeletal muscle cells, and the

results showed appropriate orientation of the cells along the PLGA

fibers with viability and migration rates similar to cell seeding just on

hAM. The composite scaffolds presented good mechanical strength

and elasticity with potential use in the development of aligned tissue

constructs.52 In general, composites with hAM presented better

results than native hAM alone.

3.4 | Commercial products

The U.S. Food and Drug Administration (FDA) regulates different

products containing human fetal membranes in the United States of

America under the tissue guidelines (HCT/P 361). In accordance with

these guidelines, the products must satisfy the following criteria: mini-

mal manipulation, not being combined with drugs or devices, and not

being reliant on cell metabolic activity as a primary function.

Placental-derived allograft tissue is available in two principal forms:

sheets consisting of one or more intact layers of the placental mem-

brane; and injectable products, such as amnion suspension allografts

(typically composed of micronized amnion).7,60,61

The company AmnioChor (USA), a stem cell bank, in 2017 listed

116 companies with 139 products on the hAM tissue market of which

68 contain amnion, 11 amnion+chorion, 23 amnion+composite and 37

amnion flowable solution.62 This listing includes companies as Bio-Tissue

(USA) with three products of cryopreserved hAM, and IOP ophthalmic

(USA) with at least three products of freeze-dried hAM for ophthalmic

applications.62,63 Also, The Musculoskeletal Transplant Foundation (USA)

produced allografts of hAM and chorion,64,65 and International Bioimplant

Co (Iran) produced decellularized hAM patches,66 involved in clinical trials

for the treatment of diabetic foot ulcers.65 In the same year, the number

of worldwide research clinical trials involving hAM were 114 and the

number of research projects were more than 1900.67

In the European Union, the European Commission for public

health established in 2004 the Commission Directive 2004/23/EC for

the donation, procurement, testing and distribution of human tissues

and cells including hAM and other non-reproductive tissues. Under

this guideline, and under the directives 2006/17/EC, 2012/39/EU,

and 2006/86/EC, more than 10,000 hAM (from 330,128 non-

reproductive tissues) were distributed in 2017 (between January

01, 2017 and December 31, 2017) among 4500 recipients in 25 coun-

tries of the EU.68 Between 2011 and 2018, the European Medicines

Agency (EMA) delivered scientific recommendations to classify 13 tis-

sue-engineered products, which could contain hAM or derivate as

aMSCs, as advanced therapies for the treatment of burns, scars, or

non-healing wounds.69

The European Commission reports in the EU Tissue Establish-

ment compendium a total number of 172 institutions (between

biobanks and private institutions) that could process, preserve, store,

or distribute amniotic membrane.70 However, the given information is

not enough to sort out the institutions depending on whether they

produce or only distribute the hAM for patients.

Concerning commercial products, Keera SRL (Italy) currently pro-

duces a lyophilized extract of fresh human hAM for ophthalmic

applications,63 and the Barcelona Tissue Bank (BTB) produces freeze-

dried hAM extract for uses in ophthalmology in patients with epithe-

lial defects of the cornea.71 Several tissue banks produce fragments of

hAM on different carriers available in different sizes like the BTB,72 or

the non-profit organizations German Institute for cell and tissue replace-

ment (DIZG) and the DGFG.

4 | STORAGE

4.1 | Overview of preservation techniques

One of the main challenges in ensuring the availability of fresh hAM,

commercial products, or TEPs is the selection of an appropriate stor-

age method. Preservation of clinically relevant cells and tissues is vital

to guarantee their continuous supply for clinical applications. In this

regard, various preservation techniques have been used to preserve

viable and functional cells, tissues, and biological constructs, including

the application of protective solutions, cooling to the required storage

temperature, and their storage at the given temperature. High cell

1204 LEAL-MARIN ET AL.

 15524981, 2021, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.b.34782 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



viability and functionally as well as tissue stability are the key factors

for preservation outcome, and therefore, materials should be pre-

served using the most optimal preservation procedure. Among the

storage processes, fresh storage at subzero temperatures (storage at

4�C), slow freezing, and vitrification are the preferred methods when

cell preservation is required. On the other hand, freeze-drying, and

air-drying, among others, are commonly used for preservation of the

extracellular matrix. Further information on cryopreservation can be

found in detail in the reviews by Jang et al. and Hunt.73,74

With an application of cryoprotective agents (CPAs), freeze–thaw

procedures, adequate storage temperatures, and cryopreservation are

used to stabilize biological materials over long periods.75 The type and

concentration of the CPA and the freezing/thawing rates are the most

critical process parameters affecting the integrity and functionality of

hAM. CPAs reduce freezing damage as they affect water transport,

nucleation, ice crystal growth, and stabilize the cell membrane and tis-

sue structure.74,76 CPAs can be divided in two types: intracellular and

extracellular, depending on their capacity to permeate the cell

membrane.

Conventional permeating cell membrane CPAs include dimethyl

sulfoxide (DMSO) and alcohols, such as ethylene glycol and glycerol.

Permeating CPAs, such as DMSO, have been used for decades in

cryopreservation of cell transplants.77 However, there are some con-

cerns regarding the effects of DMSO on cell biology and apparent

toxicity in patients.77,78 Among the extracellular CPAs, the most com-

mons are 2-methyl-2,4- pentanediol, polymers such as poly-

vinylpyrrolidone, sugars, and sugar alcohols such as sucrose, trehalose,

mannitol and sorbitol. Both types of CPAs have been used since the

first indication of the cryoprotective properties of glycerol,79

DMSO,80 and sucrose.74,81,82 Techniques such as electroporation-

assisted delivery of sugars have also been explored for the develop-

ment of storage strategies. The latter does not include the application

of DMSO for prospective storage of cells and TECs, resulting in equal

or even increased viability rates.83 Due to the complexity of tissues,

each method affects its long-term properties differently. The most

used preservation approaches are addressed in the following

subsections.

4.1.1 | Slow freezing

During slow or equilibrium freezing, the water within the cytoplasm is

initially replaced with permeating CPAs to reduce cellular damage.

The slow cooling associated with this technique facilitates the intra-

cellular water efflux from cells which allows to eliminate supercooling.

Such elimination reduces the damaging effects of intracellular ice for-

mation during freezing, and its recrystallization upon thawing.84 Pro-

tocols for slow cooling commonly use cooling rates in the range of

0.2–10 K/min with less than 10% w/v CPAs. High stability of the

cooling rates is of great important during slow freezing; therefore, the

use of controlled-rate freezers is necessary for this approach. Slow

freezing is commonly conducted down to −80�C following transfer

either to −150�C freezers or into a liquid nitrogen phase. Although

this technique is easy to handle, it requires the use of high-cost con-

trolled rate freezing equipment for optimal results.74 Novel

approaches for slow freezing are detailed in Section 4.2.

4.1.2 | Vitrification

Vitrification is a process by which the aqueous phase is transformed

directly to a glass phase after contact with liquid nitrogen. This tech-

nique is advantageous over slow freezing because of the formation of

a vitreous (glassy) state during the vitrification process.85 Nonethe-

less, in this process, the use of high concentrations of cryoprotectants

(40–60% w/v) is required to achieve a vitreous state. The application

of high concentrations of permeating CPAs in this technique, such as

DMSO, ethylene glycols, glycerol may result in high toxicity which

could lead to genetic and epigenetic alterations in cells, such as DNA

methylation, and post-translational histone modifications, as reviewed

by Chatterjee et al..86,87 Besides, excellent manipulation skills are

required for this process, and there is a high probability of contamina-

tion.74 Vitrification is employed mainly to preserve germplasm (repro-

ductive cells such as oocytes and sperm), although it has also been

applied for the preservation of epithelial cells in the hAM and the

preservation of mesenchymal stem cells derived from hAM. In one

study, Krabcova et al.88 analyzed different methods of tissue sample

preparation to vitrify hAM without using CPA and the results showed

that the cooling of hAM in liquid ethane (−183�C) increases the per-

centage of epithelial cells viability significantly after re-warming. In

another study, Moon et al.89 developed a successful vitrification

method using a combination of ethylene glycol and sucrose (40% v/v

ethylene glycol, 18% v/v Ficoll 70, and 0.3 M sucrose) to maintain the

morphological and biological properties in the amnion mesenchymal

stem cells (such as expression of embryonic stem cell markers and

potential of differentiation) after thawing.

4.1.3 | Freeze-drying

Lyophilization or freeze-drying is a method to dehydrate samples con-

taining water as the main component. In this process, samples

undergo a two-step process consisting of freezing and drying to subli-

mate frozen water (ice) by vacuum desiccation. The first freezing step

could create irreversible damage to the tissues due to ice formation.

After freezing, the samples are dried in two steps: first, the primary

drying cycle is conducted at low pressure to generate sublimation of

water and avoid the collapse of the tissue; and second, the secondary

drying cycle is conducted including a slow increase of the temperature

to gradually dehydrate the sample. In order to reduce damage, sam-

ples could be protected with a medium containing CPAs.90,91 In this

case, sugars as CPAs stabilize the proteins present in the tissue to

avoid denaturation during the drying cycles.92,93 Low probability of

contamination, ease of storage at room temperature without the need

for freezers or liquid nitrogen, and proper preservation of physical tis-

sue properties are the advantages of this method.94 The
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section below (Section 4.2) provides additional information on freeze-

dried hAM.

4.2 | Preservation and storage of native hAM

For the storage of hAM for clinical applications, the requirements

of the underlying regulatory frameworks must be followed. In

Europe, these are mainly recorded in the Directive 2004/23/EC95

of the European Parliament and of the Council of March 31, 2004,

that applies to the donation, procurement, testing, preservation,

storage and distribution of human tissues and cells intended for

human use. Directive 2004/23/EC also lays down rules on the

quality and safety of tissues and cells, for example, quality manage-

ment, tissue and cell reception, processing, and storage conditions.

The most crucial factor here is the safe application for the patient,

which is based on the elimination of transmission of diseases, and

on the elimination of contamination with the transplant. Further-

more, the efficacy of the tissue must be guaranteed even after

storage. The processes applied during and after storage must be

first assessed and approved by the competent authorities of each

country. For the storage of clinically used hAM, all procedures

described in Section 4.1. of this review are applied. In addition,

hAM storage without CPAs and without controlled freezing at

−80�C is also authorized for periods of time longer than 1 year

(fresh frozen) as long as all quality criteria are met.22 In routine

clinical practice, various factors play a role in safe storage, such as

the storage temperature and its duration.96

In this regard, the performance of hAM under different cryopres-

ervation times has been researched by Wagner et al. performing stud-

ies at 0.5, 1, 3, and 6 months after cryopreservation with hAM stored

at −80�C with glycerol, such as CPA, and glycerol-free. The results

showed higher cell viability of samples cryopreserved in glycerol for

up to 3 months of storage. No significant differences between glyc-

erol containing and glycerol-free methods were observed at

6 months.97 Nevertheless, if high cell viability is required, the applica-

tion of CPAs is necessary to preserve cell viability, functionality as

well as cell–cell and cell-matrix interactions. hAM cryopreserved with

glycerol has been successfully employed as a scaffold for urothelium

regeneration,98 for melanocyte transplantation in patients with viti-

ligo99 and wound healing in diabetic foot ulcer.100 Cryopreserved

hAM showed improved postoperative results in each treatment with a

morphological structure similar to that of fresh one.12 In another

study, cryopreservation with DMSO preserved the hAM tissue with

better in vitro functionality101 and maintained the anti-angiogenic

properties of the membrane.102

Alternatively, hAM preserved with the freeze-drying method

has been successfully employed in the reconstruction of the ocular

surface in rabbit models. The freeze-dried hAM did not show a

lower performance of the biological properties such as anti-inflam-

mation, antibacterial, and antifibroblastic activity compared to the

membranes cryopreserved using 50% v/v glycerol solution at

−80�C..94,103,104 In other studies, hAM was pretreated with 10%

v/v trehalose at 37�C for 2 hr105 and raffinose (0.025 M, 1.0 M or

2.0 M) at 37�C for 2 hr106 before freeze-drying, to evaluate the

efficacy of sugars in terms of preservation and in terms of their

safety for application of preserved membranes for ocular surface

reconstruction. The results showed enhanced adaptability of the

ocular surfaces for the pretreated and dried membranes in compar-

ison with cryopreserved hAM due to better conservation of the

basal membrane and collagen fibrils. Furthermore, the pre-

treatment step did not induce an inflammatory reaction and pres-

ented faster epithelization in rabbit sclera, as well as higher

retention of factors such as TGF- β1 and EGF.

The performance of different biological properties of hAM was

assessed after different preservation methods had been applied, as

summarized in Table 2. The angiogenesis modulation in a rat model

showed the same anti-angiogenic behavior between cryopreserved

and fresh hAM for 6 months.107 The anti-angiogenic property and the

release of proapoptotic factors reduce the viability of cancer cells via

apoptosis induction. This property was also preserved after cryopres-

ervation using 50% v/v glycerol.102 Other studies compared the effect

of cryopreservation and freeze-drying process on hAM storage for

6 months compared to fresh hAM as a substrate for endothelial cells.

Results showed that the preservation method has no significant effect

on the mechanical behavior evaluated using a uniaxial tension test.

Differences were observed in structural properties such as thickness

and conservation of the basal membrane. Nevertheless, freeze-drying

is suggested to be a desirable process to develop a substrate for endo-

thelial cell culture. Niknejad et al.6 showed that endothelial cell adhe-

sion and cell viability could be significantly improved with an

application of freeze-dried membranes.

The assessment of the antibacterial properties of hAM against

Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli

after cryopreservation and freeze-drying showed that the presence

of elafin as antibacterial peptide decreased in cryopreserved and

freeze-dried samples. However, the antibacterial properties were

maintained for all preservation methods. This indicates that

antibacterial properties are not only related to elafin but also to

other components of the ECM. The authors suggest that preserved

hAM is a proper substitute for a fresh membrane.108 In their work,

a slow cooling protocol was used to study the cryoinjuries and

cryoresistance of hAM. The authors compared tissues frozen with

DMSO with a cooling rate of 1 K/min with fresh hAM and tissue

frozen with liquid nitrogen without any CPA. Results indicate that

metabolic activity (MTT assay) is reduced after cryopreservation

using this approach, as compared to fresh hAM. Although being

volume and equipment dependent, the authors noticed the tem-

perature of ice formation to be −14�C and below.109

4.3 | Preservation of tissue-engineered products

The lack of availability of donated organs suitable for transplantation

led to the development of TE to provide hospitals with functional

ready-to-use TEPs to regenerate or replace damaged tissues or
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organs. In order to provide off-the-shelf availability of TEPs, their

preservation must be considered. TEPs are formed by the growth of

appropriate cells to regenerate bone, skeletal muscle, cartilage, and

other tissues on biodegradable scaffolds made from synthetic and/or

natural polymers.110 In Section 3.2, different composites which can be

created with hAM and different polymers are reviewed. Although sev-

eral TE approaches have been developed and investigated to design

appropriate hAM-based TECs, there are still no reports available in

the literature on the elaboration of adequate storage processes for

the preservation of hAM-based TECs with an indication of their clini-

cal application. Therefore, the current available information on cryo-

preservation techniques applied for efficient storage of TECs

composites employed in comparable fields of study (i.e., similar to

hAM application) is reviewed below.

Usually, cells are frozen in suspension or as a monolayer.111 Dif-

ferent studies have been conducted to demonstrate the cryopreserva-

tion of cells adhered to a substrate. In these studies, attention has

been given to analyzing the effects of cryoprotectants composition

and extracellular matrix design on cryopreservation outcome, for

example, viability and functionality of the whole construct. The effect

of directional freezing followed by gradual cooling on survival rates of

adherent epithelial cells cultures was also analyzed in detail by Bahari

et al..112 In directional freezing, the container with cells or tissues in

aqueous solution is moved down with a controlled velocity through a

thermal gradient below the melting temperature, and the ice crystals

grow in the opposite direction of movement in a directional way. The

application of a thermal gradient allowed the preservation of a large

volume of cells (around 500 ml), especially reproductive cells under a

precise and uniform cooling rate. Moreover, avoiding the use of CPAs

due to ice growing is controlled by the thermodynamic process

described above.113 In a preliminary test, epithelial cells from the cell

line IEC-18 and Caco-2 were incubated with DMEM and different

DMSO concentrations ranging from 0 to 10% v/v. The velocities

tested in this test were 10, 30, and 90 μm/s equivalent to cooling

rates 1.3, 3.8, and 11.3 K/min, respectively. After being directionally

frozen with less than 2.5% v/v DMSO, IEC-18 cells presented injury

after freezing independently on the applied cooling rate, while Caco-2

cells (10% v/v DMSO, 30 μm/s rate) presented normal cell shape and

clear nuclei.

Few studies have been conducted on cryopreservation of com-

plex structures having cell-matrix and cell–cell junction organizations.

The primary challenge associated with cryopreservation of 3D con-

structs is that the cells adhered to or within substrates are more sensi-

tive to cryoinjuries (osmotic stress, mechanical damage,

nonhomogeneous heat, and mass transfer) and thus are more suscep-

tible to damage caused by suboptimal cryopreservation conditions in

comparison with suspended cells.114 Due to the complex 3D geome-

try of the bulk tissue constructs, unequal heat and mass transfer

makes it difficult to achieve appropriate optimal cooling and warming

rates as well as homogeneous CPA distribution within a tissue.74,115

In a study conducted by Bissoyi et al.,110 silk nanofibers obtained

by electrospinning were seeded with MSCs from the umbilical cord to

obtain TECs as promising constructs for bone and cartilage regenera-

tion. The TECs were frozen using different cryoprotective agents such

as natural osmolytes (trehalose and ectoin) in combination with

DMSO using controlled cooling rates. The results showed that silk-

based TECs cryopreserved in DMSO supplemented with trehalose

and ectoin presented better cell viability than the cells frozen using

sole DMSO with cell viability of 72 and 54%, respectively. Moreover,

the cryopreserved scaffold showed unaltered mechanical properties

and preservation of the cell cytoskeleton after freezing and thawing,

concluding that the newly formulated relatively low toxic freezing

TABLE 2 Properties evaluated after hAM preservation. (X = Not analyzed, ✓ = Analyzed)

Property assessed

Preservation method

ReferenceCryopreservation solution Freeze-drying
Fresh
hAM

Angiogenesis modulation 10% v/v DMSO ✕ ✓ 107

70% v/v PBS, 10% v/v FBS, 10% v/v DMEM,

−80�C 6 months

Anti-cancer activity 10% v/v DMSO ✕ ✓ 102

70% v/v PBS, 10% v/v FBS, 10% v/v DMEM,

−80�C 6 months

Substrate for endothelial

cells

50% v/v glycerol Prefrozen 30 min, dried −55�C for

24 hr

✓ 6

40% v/v DMEM, 10% v/v FBS

−80�C 6 months

Antibacterial effect 10% v/v DMSO Prefrozen 30 min, dried −55�C for

24 hr

✓ 108

70% v/v PBS, 10% v/v FBS, 10% v/v DMEM,

−80�C 6 months

Cryoinjuries and

cryoresistance

10% v/v DMSO ✕ ✓ 109

DMEM, 10% v/v FBS

Cooling 1 K/min to −80�C
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solution (2.5% v/v DMSO/0.04 M trehalose/0.04 M ectoin) is promis-

ing for successful preservation of silk-based TECs. In the work of

Gurruchaga et al.,116 the authors employed an allogeneic bioscaffold

based on platelet-rich plasma and synovial fluid seeded with MSCs.

The bioscaffold was cryopreserved in 10% v/v DMSO or the combi-

nation of 10% v/v DMSO and 0.2 M sucrose. The results show that

the bioscaffolds preserved with a combination of DMSO and sucrose

show a similar number of viable cells, and potential to differentiate

into the chondrogenic lineage in comparison with fresh bioscaffolds

that served as control.

Other comparisons between DMSO and sugars were made for

the preservation of epithelial sheets for wound healing con-

structs.117,118 An epidermal graft composed of chitosan and gelatin

was seeded with human keratinocytes to create artificial skin. The

graft was preserved with different CPA solutions containing 0.2 or

0.4 M trehalose and 10% v/v DMSO and frozen using a multi-step

cooling profile (4�C for 30 min, −20�C for 2 hr and −80�C overnight

followed by immersion in liquid nitrogen). The unfrozen and frozen

grafts were transplanted to nude mice to analyze the efficacy of the

cryopreserved construct for skin regeneration. After 14 days, post-

transplantation trehalose-cryopreserved artificial skin repaired skin

defects in a similar way to that of a non-cryopreserved control. Other

groups showed that the application of trehalose-cryopreserved artifi-

cial skin resulted in enhanced wound closure.117

At the same time, application of pretreatment of TECs with

sugars before freezing, such as sucrose, has been shown to enhance

viability outcome after cryopreservation. On this subject, Mutsenko

et al. validated an “in air” approach using porous 3D collagen-

hydroxyapatite scaffolds seeded with amnion-derived MSCs119 as a

model of TECs. In this work, a positive effect of the incubation (pre-

treatment step) on cell-seeded scaffolds for 24 hr in 0.1 M sucrose

was observed. Before freezing, the constructs were immersed in a

CPA cocktail containing 10% v/v DMSO and 0.3 M sucrose, followed

by the removal of excess of CPAs and slow freezing (1�C/min to

−80�C, storage −152�C). This approach was defined as “in air” freez-
ing. After 5 days of storage, samples were thawed following a two-

step procedure: thawing at 37�C for 1 min and recultivation for 24 hr.

Cell-seeded scaffolds treated with sucrose 24 hr before freezing pres-

ented a significantly higher viability of 80% in comparison to the sam-

ples frozen without sucrose (60% viability). Such method did not have

a negative impact on scaffold composition and protein structure.

The freeze-drying technique was also employed to preserve

tissue-engineered skin substitutes.118 The tissue-engineered skin was

incubated in 0.2 M trehalose and 10% v/v DMSO at 37�C for 8 hr.

After the solution was removed, the constructs were frozen with a

cooling speed of 1 K/min to −50�C, followed by drying under vacuum.

Results showed that freeze-dried constructs presented a similar

wound-healing effect in mice skin compared to standard cryopreser-

vation. The authors suggest that freeze-drying is an advantageous

method for the preservation and transport of this type of tissue-

engineered skin at ambient temperature.

In summary, the TEPs preserved with sugars, such as sucrose

and trehalose, presented better properties after storage than those

preserved with DMSO alone. Moreover, an additional pre-

treatment step including an application of sugars should be consid-

ered for improved viability and functionality for the materials to be

preserved. Table 3 summarizes cryopreservation of TEPs, and fur-

ther research can be consulted in the review for personalized TE

therapies.120

5 | APPLICATIONS

Native hAM has been applied as a scaffold for TE and regeneration in

different medical fields (the reader can find this information in previ-

ous sections). Some reviews describe its use as a grafting material,8 in

oral and periodontal surgeries,23 cartilage damage,7 lower extremity

repair,121 healing of chronic wounds and ulcers,122 as a biomaterial in

urology,123,124 in gynecology,125 as of patch for cardiac surgery,126

and as a treatment of ocular surface pathologies.29

In ophthalmology, the transplantation of frozen or fresh hAM is

often used for pterygium excision, conjunctival surface reconstruction

(e.g., after symblepharon lysis), reepithelialization in corneal ulcer, or

for temporary closure of perforated corneas. Most frequently, it is

used for improved healing of corneal ulcers.127 Transplantation tech-

niques can be classified into three types: graft, patch, or sandwich. In

the grafting technique, the hAM is placed with the epithelium side

facing up the defect tissue, for example, the cornea.128 Before trans-

plantation, the surrounding 1–2 mm of the host corneal epithelium is

debrided. Regenerating epithelium grows over the membrane,

whereas hAM (Figure 5(a)) is mostly incorporated into the host tissue.

In deep-rooted corneal ulcer multilayer graft inlays can be sutured. In

the patch (or overlay) technique, the membrane is sutured to the sur-

rounding conjunctiva. The membrane is larger than the underlying

defect, so the host epithelium is present below the membrane. The

epithelium side is commonly placed facing the defect tissue. Hence,

the fragile epithelium can grow under membrane protection. The

sandwich technique combines the graft, and the patch technique, as

shown in Figure 5(b). Inner layers are attached as a graft, and for pro-

tection, an outer layer is fixed as a patch. The epithelium is expected

to grow under the patch but over the uppermost inlay graft. The

layers are attached to the cornea by non-absorbable sutures, or to

other tissue with absorbable and non-absorbable sutures. A contact

lens is additionally often inserted for the protection of the thin amni-

otic membrane.129 Also, to avoid complications with the sutures, a

sutureless fixation alternative AmnioClip-plus (Figure 5(c)) is employed.

Moreover, the hAM is mounted between two rings and applied like a

large contact lens on the ocular surface.55

In addition, the efficacy of commercially available hAM has been

tested in ocular treatments for patients. According to Finger et al.,53

the product Amnioguard (Bio-Tissue, USA) is a super-thick amnion

ideal for ocular surface reconstruction (ST-AMGs). Eleven patients

were treated with ST-AMGs implants after resection of ocular tumors

with cryotherapy. Most patients (75%) showed partial graft dissolu-

tion during the third week after transplantation and complete epitheli-

zation without a wound. After 25 months, 83% of the patients
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showed complete local tumor control. The product ProKera® from the

same company was evaluated by Morkin et al.54 for the treatment of

neuropathic corneal pain (NCP) in nine patients. The results showed

that pain severity decreased in around 70% of the patients. The paint-

able sensation decreased from 7 to 2 points on a scale from 1 to

10 after 2 days of treatment. The results suggest that Prokera®

TABLE 3 Cryopreservation of TECs

Material preserved Cryoprotectants used Cryopreservation method Reference

MSCs from umbilical cord seeded on

electrospun nanofibrous silk fibroin

scaffolds forming a TECs

1. 10% v/v DMSO with 50% v/v FBS Exposition with CPAs for 10 min at 4�C.
freezing at −1 K/min to −150�C and

storage in liquid nitrogen

110

2. 0.04 M trehalose

3. 0.04 M ectoin

4. 0.04 M trehalose and 0.04 M ectoin

5. 0.04 M trehalose, 0.04 M ectoin 100 lg

catalase

6. 0.04 M trehalose, 0.04 M ectoin and

2.5% (v/v) DMSO

7. 0.04 M trehalose, 0.04 M ectoin, 2.5%

v/v DMSO and 100 lg catalase as

antioxidant

All solutions were prepared with DMEM

media

Allogeneic biomimetic scaffold seed with

MSCs

1. 10% v/v DMSO 20 min on ice, overnight at −80�C on a

container and last store into liquid N2

tanks for at least 3 weeks before

performing any assay.

116

2. 10% v/v human serum

3. 10% v/v DMSO +10% v/v human serum

4. 0.2 M sucrose, 10% v/v DMSO +0.2 M

sucrose

5. 10% v/v human serum +0.2 M sucrose

6. 10% v/v DMSO +10% v/v human serum

+0.2 M sucrose

CPA solutions were prepared by the

combination of DMSO, sucrose, and

human serum

Epithelial sheets Four cryopreservation solutions Samples immersed in cryopreservation

solutions for 30 min 4�C, after placed in

liquid nitrogen. Control samples step

frozen 4�C for 30 min, after −20�C for

2 hr,−80�C overnight and then placed

into liquid nitrogen for 1 month

117

1. 0.2 M trehalose, 10% v/v DMSO, 50% v/

v fetal bovine serum

2. 0.4 M trehalose, 10% v/v DMSO, 50% v/

v FBS

3. 0.6 M trehalose, 10% v/v DMSO, 50% v/

v FBS

4. 10% v/v DMSO, 50% v/v FBS (group

DMSO, as a negative control)

Amnion derived MSCs seeded on 3D

collagen scaffolds

1. 10% v/v DMSO, 20% v/v FBS Cell- seeded scaffolds pretreated with

0.1 M sucrose for 24 hr after immersed

in cryoprotective solution in ice for

15 min. Removal of CPAs and freezing at

1�C/min to −80�C. stored −152�C for

5 days before thawing

119

2. 10% v/v DMSO, 20% v/v FBS, 0.3 M

sucrose

Fibroblasts freeze-dried to be seeded in

collagen for TECs

1. 0.2 M trehalose +10% v/v DMSO Freezing with 1 K/min to −50�C freeze-

dried for 7 hr at −50�C. Stored in

vacuum at room temperature 1 week

before use

118

2. 0.2 M trehalose

3. 10% v/v DMSO

Fresh cell culture medium acted as a

control
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provides safe and effective treatment to achieve pain control in

patients with NCP.

Along with its effectiveness in ophthalmology, hAM grafts

have been employed in the cardiovascular field. Amensag et al.57

constructed a small-diameter (3.2 mm diameter) vascular graft

from rolled human amniotic membrane and evaluated mechanical

properties and viability in vivo in a rabbit model in the early post-

implantation period. After 4 weeks, the constructed graft showed

evidence of active cellular remodeling and did not present hyper-

acute rejection or thrombotic occlusion. The vascular graft pro-

vided a supportive scaffold for the cardiac cell population in vivo.

By this approach, it would be possible to create patient-specific

vascular grafts having the desired dimensions and to lower the

rate of rejection.

On the other hand, hAM-based TE scaffolds have shown

improved performance in vitro and in vivo. Portmann-Lanz et al.130

proposed a cell-free extracellular matrix scaffold obtained from

hAM to design material for amnion cell outgrowth used to repair

prematurely ruptured fetal membranes. The hAM scaffold was dec-

ellularized by enzymatic treatment and manual surface scraping.

Afterwards, the scaffold was recellularized with amnion

mesenchymal and epithelial cells to assemble a TEC. The scaffold

presented a porous collagen fiber network with the appropriate bio-

mechanical properties for cell growth. The efficacy of the hAM scaf-

fold was tested in comparison with a polyester-urethane scaffold to

analyze the wound healing response in sealing fetal membrane

defects in a rabbit model. As a result, the hAM products sealed the

fetal membrane defects better than the artificial scaffold, showing

abundant reepithelization and lower local inflammation.56

Hortensius et al.58 proposed collagen-glycosaminoglycan

scaffolds supplemented with hyaluronic acid or amniotic mem-

brane fabricated by freeze-drying technique. The aim was to ana-

lyze the scaffold immunomodulatory effects during tendon

regeneration. The in vitro results with tenocytes after 7 days of

culture showed increased metabolic activity for the scaffolds with

hAM in a pro-inflammatory environment with interleukin-1 beta.

According to the authors, the inclusion of hyaluronic acid or hAM

in the scaffolds could modify the inflammatory response associ-

ated with scar formation due to less TGF-β1 release. In other

research, Gholipourmalekabadi et al.59 developed an artificial skin

3D bi-layer scaffold made of biological decellularized hAM with

viscoelastic electrospun nanofibrous silk fibroin (ESF) spun on

F IGURE 5 Amniotic membrane transplantation in a severely burned eye after an explosion, (a) hAM fragment on a carrier, (b) Sandwich
transplantation technique, (c) Alternative sutureless product AmnioClip-plus

F IGURE 6 Application fields for fresh and tissue-engineered (TE) hAM
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top. The hAM/ESF scaffold and hAM alone were tested with adi-

pose tissue-derived mesenchymal stem cells. The results showed

increased expression of a vascular endothelial growth factor and

primary fibroblast growth factor for the cultured hAM/ESF in

comparison with hAM alone, suggesting that the scaffold could

potentially be applied in a clinical setting for skin regeneration. In

summary, Table 1 highlights the state-of-the-art information on

the application of hAM-based composites.

6 | SUMMARY

The research of the human amniotic membrane has been a trending

topic for decades. The unique characteristics of hAM are responsible

for its wide range of applications, as summarized in Figure 6. There

are several commercial products available with applications in wound

healing and corneal treatment. One of the critical steps for the preser-

vation of its properties is adequate handling and storage. Different

alternatives analyzed for preservation present similar results between

the native hAM, freeze-dried, and cryopreserved hAM. The right stor-

age technique will depend on the available facilities and the desired

application.

The amniotic membrane is an ideal scaffolding material based on

its composition and the ease of collection from the human placenta.

However, the differences between donors should be carefully consid-

ered to guarantee the standardization of different properties. The

preparation of an extract or powder from native hAM and its combi-

nation with biodegradable and FDA approved polymers is a promising

method to develop tissue-engineered hAM-based constructs pre-

senting suitable properties for different applications. Nonetheless, the

adequate preservation technique to ensure the availability of these

TEPs for clinical applications should still be explored in detail.

ACKNOWLEDGMENTS

This work was in part funded by the German Academic Exchange Ser-

vice (DAAD, 91725466) in the framework of the Research Grants -

Doctoral programs in Germany. Open access funding enabled and

organized by Projekt DEAL.

CONFLICT OF INTEREST

The authors Kern T (until 2019) and Framme C are part of the medical

staff of Clinic for Ophthalmology, Hannover Medical School, and prac-

tice corneal treatment with human amniotic membrane. Hofmann N

and Börgel M are staff members of the German Society for Tissue

Transplantation with non-financial interest in the subject matter or

materials discussed in this manuscript.

DATA AVAILABILITY STATEMENT

Data available on request from the authors.

ORCID

Sara Leal-Marin https://orcid.org/0000-0002-0315-1950

Olena Pogozhykh https://orcid.org/0000-0003-1086-5190

Constanca Figueiredo https://orcid.org/0000-0003-2786-0388

Birgit Glasmacher https://orcid.org/0000-0002-2452-1666

Oleksandr Gryshkov https://orcid.org/0000-0002-3116-8792

REFERENCESDoh

1. Grey C. Tissue engineering Scaffold Fabrication and Processing Tech-

niques to Improve Cellular Infiltration. Virginia, USA: Virginia Com-

monwealth University; 2014.

2. Rana D, Arulkumar S, Vishwakarma A, Ramalingam M. Consider-

ations on designing scaffold for tissue engineering. Stem Cell Biology

and Tissue Engineering in Dental Sciences. USA: Academic Press;

2015;133-148. https://doi.org/10.1016/B978-0-12-397157-9.

00012-6.

3. Ngadiman NHA, Noordin MY, Idris A, Kurniawan D. A review of

evolution of electrospun tissue engineering scaffold: from two

dimensions to three dimensions. Proc Inst Mech Eng Part H J Eng

Med. 2017;231(7):597-616. https://doi.org/10.1177/09544119176

99021.

4. Yang S, Leong K-F, Du Z, Chua C-K. The design of scaffolds for use

in tissue engineering. part I traditional factors. Tissue Eng. 2001;7(6):

679-689. https://doi.org/10.1089/107632701753337645.

5. Lim R. Concise review: fetal membranes in regenerative medicine:

new tricks from an old dog? Stem Cells Transl Med. 2017;6(9):1767-

1776. https://doi.org/10.1002/sctm.16-0447.

6. Niknejad H, Deihim T, Solati-Hashjin M, Peirovi H. The effects of

preservation procedures on amniotic membrane's ability to serve as

a substrate for cultivation of endothelial cells. Cryobiology. 2011;63

(3):145-151. https://doi.org/10.1016/j.cryobiol.2011.08.003.

7. Friel NA, de Girolamo L, Gomoll AH, Mowry KC, Vines JB, Farr J.

Amniotic fluid, cells, and membrane application. Oper Tech Sports

Med. 2017;25(1):20-24. https://doi.org/10.1053/J.OTSM.2016.

12.004.

8. Jirsova K, Jones GLA. Amniotic membrane in ophthalmology: proper-

ties, preparation, storage and indications for grafting—a review. Cell

Tissue Bank. 2017;18(2):193-204. https://doi.org/10.1007/s10561-

017-9618-5.

9. Lee PH, Tsai SH, Kuo L, et al. A prototype tissue engineered blood

vessel using amniotic membrane as scaffold. Acta Biomater. 2012;8

(9):3342-3348. https://doi.org/10.1016/j.actbio.2012.05.012.

10. Niknejad H, Peirovi H, Jorjani M, Ahmadiani A, Ghanavi J,

Seifalian AM. Properties of the amniotic membrane for potential use

in tissue engineering. Eur Cells Mater. 2008;15:88-99. https://doi.

org/10.22203/ecm.v015a07.

11. Arrizabalaga JH, Nollert MU. Human amniotic membrane: a versatile

scaffold for tissue engineering. ACS Biomater Sci Eng. 2018;4(7):

2226-2236. https://doi.org/10.1021/acsbiomaterials.8b00015.

12. Mamede AC, Botelho MF. Amniotic Membrane: Origin, Characteriza-

tion and Medical Applications. New York, NY: Springer; 2015.

https://doi.org/10.1007/978-94-017-9975-1.

13. Sabella N. Use of the fetal membranes in skin grafting. Medicat Rec-

oncil NY. 1913;83:478-480.

14. Stern M. The grafting of preserved amniotic membrane to burned

and ulcerated surfaces, substituting skin grafts: a preliminary report.

JAMA. 1913;60(13):973-974. http://dx.doi.org/10.1001/jama.1913.

04340130021008.

15. de Röth A. Plastic repair of conjunctival deffects with fetal mem-

branes. Arch Ophthalmol. 1940;23(3):522-525. https://doi.org/10.

1001/archopht.1940.00860130586006.

16. Sripriya R, Kumar R. Denudation of human amniotic membrane by a

novel process and its characterisations for biomedical applications.

Prog Biomater. 2016;5(3–4):161-172. https://doi.org/10.1007/

s40204-016-0053-7.

17. Francisco JC, Correa Cunha R, Cardoso MA, et al. Decellularized

amniotic membrane scaffold as a pericardial substitute: an in vivo

LEAL-MARIN ET AL. 1211

 15524981, 2021, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.b.34782 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-0315-1950
https://orcid.org/0000-0002-0315-1950
https://orcid.org/0000-0003-1086-5190
https://orcid.org/0000-0003-1086-5190
https://orcid.org/0000-0003-2786-0388
https://orcid.org/0000-0003-2786-0388
https://orcid.org/0000-0002-2452-1666
https://orcid.org/0000-0002-2452-1666
https://orcid.org/0000-0002-3116-8792
https://orcid.org/0000-0002-3116-8792
https://doi.org/10.1016/B978-0-12-397157-9.00012-6
https://doi.org/10.1016/B978-0-12-397157-9.00012-6
https://doi.org/10.1177/0954411917699021
https://doi.org/10.1177/0954411917699021
https://doi.org/10.1089/107632701753337645
https://doi.org/10.1002/sctm.16-0447
https://doi.org/10.1016/j.cryobiol.2011.08.003
https://doi.org/10.1053/J.OTSM.2016.12.004
https://doi.org/10.1053/J.OTSM.2016.12.004
https://doi.org/10.1007/s10561-017-9618-5
https://doi.org/10.1007/s10561-017-9618-5
https://doi.org/10.1016/j.actbio.2012.05.012
https://doi.org/10.22203/ecm.v015a07
https://doi.org/10.22203/ecm.v015a07
https://doi.org/10.1021/acsbiomaterials.8b00015
https://doi.org/10.1007/978-94-017-9975-1
http://dx.doi.org/10.1001/jama.1913.04340130021008
http://dx.doi.org/10.1001/jama.1913.04340130021008
https://doi.org/10.1001/archopht.1940.00860130586006
https://doi.org/10.1001/archopht.1940.00860130586006
https://doi.org/10.1007/s40204-016-0053-7
https://doi.org/10.1007/s40204-016-0053-7


study. Transplant Proc. 2016;48(8):2845-2849. https://doi.org/10.

1016/j.transproceed.2016.07.026.

18. Gholipourmalekabadi M, Sameni M, Radenkovic D, Mozafari M,

Mossahebi-Mohammadi M, Seifalian A. Decellularized human amni-

otic membrane: how viable is it as a delivery system for human adi-

pose tissue-derived stromal cells? Cell Prolif. 2016;49(1):115-121.

https://doi.org/10.1111/cpr.12240.

19. Parolini O, Alviano F, Bagnara GP, et al. Concise review: isolation

and characterization of cells from human term placenta: outcome of

the first international workshop on placenta derived stem cells. Stem

Cells. 2008;26(2):300-311. https://doi.org/10.1634/stemcells.2007-

0594.

20. Chen B, Jones RR, Mi S, et al. The mechanical properties of amniotic

membrane influence its effect as a biomaterial for ocular surface

repair. Soft Matter. 2012;8:8379-8387. https://doi.org/10.1039/

c2sm26175h.

21. Benson-Martin J, Zammaretti P, Bilic G, et al. The Young's modulus

of fetal preterm and term amniotic membranes. Eur J Obstet Gynecol

Reprod Biol. 2006;128(1-2):103-107. https://doi.org/10.1016/j.

ejogrb.2005.12.011.

22. Keitel S. Guide to the Quality and Safety of Tissues and Cells for

Human Application. 4 Strasbourg: European Directorate for the Qual-

ity of Medicines&HealthCare (EDQM); 2019. www.edqm.eu/

freepub.

23. Chopra A, Thomas BS. Amniotic membrane: a novel material for

regeneration and repair. J Biomimetics Biomater Tissue Eng. 2013;181

(18):106.

24. Barton K, Budenz DL, Khaw PT, Tseng SCG. Glaucoma filtration sur-

gery using amniotic membrane transplantation. Investig Ophthalmol

Vis Sci. 2001;42(8):1762-1768.

25. Lee JW, Park WY, Kim EA, Yun IH. Tissue response to implanted

ahmed glaucoma valve with adjunctive amniotic membrane in rabbit

eyes. Ophthalmic Res. 2014;51(3):129-139. https://doi.org/10.

1159/000357097.

26. Salah RA, Mohamed IK, El-Badri N. Development of dec-

ellularized amniotic membrane as a bioscaffold for bone

marrow-derived mesenchymal stem cells: ultrastructural study.

J Mol Histol. 2018;49(3):289-301. https://doi.org/10.1007/

s10735-018-9768-1.

27. Taghiabadi E, Nasri S, Shafieyan S, Firoozinezhad SJ, Aghdami N.

Fabrication and characterization of spongy denuded amniotic mem-

brane based scaffold for tissue engineering. Cell J. 2015;16(4):476-

487. https://doi.org/10.22074/cellj.2015.493.

28. Litwiniuk M, Radowicka M, Krejner A, Śladowska A, Grzela T.

Amount and distribution of selected biologically active factors in

amniotic membrane depends on the part of amnion and mode of

childbirth. Can we predict properties of amnion dressing? A proof-

of-concept study. Cent Eur J Immunol. 2018;43(1):97-102. https://

doi.org/10.5114/ceji.2017.69632.

29. Paolin A, Cogliati E, Trojan D, et al. Amniotic membranes in ophthal-

mology: long term data on transplantation outcomes. Cell Tissue

Bank. 2016;17(1):51-58. https://doi.org/10.1007/s10561-015-

9520-y.

30. Adverse occurrence search. www.notifylibrary.org. 2020. Accessed

October 30, 2020 from https://www.notifylibrary.org/notifylibrary/

search/incident/16046573111383

31. Dehghani S, Rasoulianboroujeni M, Ghasemi H, et al. 3D-printed mem-

brane as an alternative to amniotic membrane for ocular sur-

face/conjunctival defect reconstruction: an in vitro & in vivo study.

Biomaterials. 2018;174:95-112. https://doi.org/10.1016/j.biomaterials.

2018.05.013.

32. Hennerbichler S, Reichl B, Pleiner D, Gabriel C, Eibl J, Redl H. The

influence of various storage conditions on cell viability in amniotic

membrane. Cell Tissue Bank. 2007;8(1):1-8. https://doi.org/10.1007/

s10561-006-9002-3.

33. Schweizer R. 2016. Ca – Part 1 To learn more about cord blood

banking, visit Parent's Guide to Cord Blood Foundation at. https://

parentsguidecordblood.org/en/news/amniotic-membrane-placenta-

part-1

34. Dohmen PM. Clinical results of implanted tissue engineered heart

valves. HSR Proc Intensive Care Cardiovasc Anesth. 2012;4(4):

225-231.

35. Milan PB, Amini N, Joghataei MT, et al. Decellularized human

amniotic membrane: from animal models to clinical trials.

Methods. 2019;171:11-19. https://doi.org/10.1016/j.ymeth.

2019.07.018.

36. Murphy SV, Skardal A, Song L, et al. Solubilized amnion membrane

hyaluronic acid hydrogel accelerates full-thickness wound healing.

Stem Cells Transl Med. 2017;6(11):2020-2032. https://doi.org/10.

1002/sctm.17-0053.

37. El-Sherbiny IM, Yacoub MH. Hydrogel scaffolds for tissue engineer-

ing: Progress and challenges. Glob Cardiol Sci Pract. 2013;2013(3):

38-342. https://doi.org/10.5339/gcsp.2013.38.

38. Skardal A, Mack D, Kapetanovic E, et al. Bioprinted amniotic fluid-

derived stem cells accelerate healing of large skin wounds. Stem Cells

Transl Med. 2012;1(11):792-802. https://doi.org/10.5966/sctm.

2012-0088.

39. Feltz KP, Kalaf EAG, Chen C, Martin RS, Sell SA. A review of

electrospinning manipulation techniques to direct fiber deposition

and maximize pore size. Electrospinning. 2017;1(1):46-61. https://

doi.org/10.1515/esp-2017-0002.

40. Kishan AP, Cosgriff-Hernandez EM. Recent advancements in

electrospinning design for tissue engineering applications: a review.

J Biomed Mater Res Part A. 2017;105(10):2892-2905. https://doi.

org/10.1002/jbm.a.36124.

41. Szentivanyi A, Chakradeo T, Zernetsch H, Glasmacher B.

Electrospun cellular microenvironments: understanding controlled

release and scaffold structure. Adv Drug Delivery Rev. 2011;63(4):

209-220. https://doi.org/10.1016/j.addr.2010.12.002.

42. Suresh S, Becker A, Glasmacher B. Impact of apparatus orienta-

tion and gravity in electrospinning—a review of empirical evi-

dence. Polymers. 2020;12(11):2448. https://doi.org/10.3390/

polym12112448.

43. Gryshkov O, Müller M, Leal-Marin S, et al. Advances in the applica-

tion of electrohydrodynamic fabrication for tissue engineering.

J Phys Conf Ser. 2019;1236(1):012024.

44. Szentivanyi A, Zernetsch H, Menzel H, Glasmacher B. A review of

developments in electrospinning technology: new opportunities for

the design of artificial tissue structures. Int J Artif Organs. 2011;34

(10):986-997. https://doi.org/10.5301/ijao.5000062.

45. Suresh S, Gryshkov O, Glasmacher B. Impact of setup orientation on

blend electrospinning of poly-ε-caprolactone-gelatin scaffolds for

vascular tissue engineering. Int J Artif Organs. 2018;41(11):801-810.

https://doi.org/10.1177/0391398818803478.

46. Baudequin T, Gaut L, Mueller M, et al. (2017). The osteogenic and

tenogenic differentiation potential of C3H10T1/2 (mesenchymal

stem cell model) cultured on PCL/PLA electrospun scaffolds in the

absence of specific differentiation medium. Materials (Basel), 10(12):

1387. http://dx.doi.org/10.3390/ma10121387.

47. Al Halabi F, Gryshkov O, Kuhn AI, Kapralova VM, Glasmacher B.

Force induced piezoelectric effect of polyvinylidene fluoride and

polyvinylidene fluoride-co-trifluoroethylene nanofibrous scaffolds.

Int J Artif Organs. 2018;41(11):811-822. https://doi.org/10.1177/

0391398818785049.

48. Kong B, Mi S. Electrospun Scaffolds for Corneal Tissue Engineering:

A Review. Materials, 2016;9(8):614. http://dx.doi.org/10.3390/

ma9080614.

49. Murphy SV, Skardal A, Atala A. Amniotic membrane powder and its

use in wound healing and tissue engineering constructs. EP Patent

No. 2897625. European Patent Office; 2019.

1212 LEAL-MARIN ET AL.

 15524981, 2021, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.b.34782 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.transproceed.2016.07.026
https://doi.org/10.1016/j.transproceed.2016.07.026
https://doi.org/10.1111/cpr.12240
https://doi.org/10.1634/stemcells.2007-0594
https://doi.org/10.1634/stemcells.2007-0594
https://doi.org/10.1039/c2sm26175h
https://doi.org/10.1039/c2sm26175h
https://doi.org/10.1016/j.ejogrb.2005.12.011
https://doi.org/10.1016/j.ejogrb.2005.12.011
https://www.edqm.eu/freepub
https://www.edqm.eu/freepub
https://doi.org/10.1159/000357097
https://doi.org/10.1159/000357097
https://doi.org/10.1007/s10735-018-9768-1
https://doi.org/10.1007/s10735-018-9768-1
https://doi.org/10.22074/cellj.2015.493
https://doi.org/10.5114/ceji.2017.69632
https://doi.org/10.5114/ceji.2017.69632
https://doi.org/10.1007/s10561-015-9520-y
https://doi.org/10.1007/s10561-015-9520-y
http://www.notifylibrary.org
https://www.notifylibrary.org/notifylibrary/search/incident/16046573111383
https://www.notifylibrary.org/notifylibrary/search/incident/16046573111383
https://doi.org/10.1016/j.biomaterials.2018.05.013
https://doi.org/10.1016/j.biomaterials.2018.05.013
https://doi.org/10.1007/s10561-006-9002-3
https://doi.org/10.1007/s10561-006-9002-3
https://parentsguidecordblood.org/en/news/amniotic-membrane-placenta-part-1
https://parentsguidecordblood.org/en/news/amniotic-membrane-placenta-part-1
https://parentsguidecordblood.org/en/news/amniotic-membrane-placenta-part-1
https://doi.org/10.1016/j.ymeth.2019.07.018
https://doi.org/10.1016/j.ymeth.2019.07.018
https://doi.org/10.1002/sctm.17-0053
https://doi.org/10.1002/sctm.17-0053
https://doi.org/10.5339/gcsp.2013.38
https://doi.org/10.5966/sctm.2012-0088
https://doi.org/10.5966/sctm.2012-0088
https://doi.org/10.1515/esp-2017-0002
https://doi.org/10.1515/esp-2017-0002
https://doi.org/10.1002/jbm.a.36124
https://doi.org/10.1002/jbm.a.36124
https://doi.org/10.1016/j.addr.2010.12.002
https://doi.org/10.3390/polym12112448
https://doi.org/10.3390/polym12112448
https://doi.org/10.5301/ijao.5000062
https://doi.org/10.1177/0391398818803478
http://dx.doi.org/10.3390/ma10121387
https://doi.org/10.1177/0391398818785049
https://doi.org/10.1177/0391398818785049
http://dx.doi.org/10.3390/ma9080614
http://dx.doi.org/10.3390/ma9080614


50. Adamowicz J, Pokrywczy�nska M, Tworkiewicz J, et al. New amniotic

membrane based biocomposite for future application in reconstruc-

tive urology. PLoS One. 2016;11(1):1-20. https://doi.org/10.1371/

journal.pone.0146012.

51. Uchino Y, Shimmura S, Miyashita H, et al. Amniotic membrane

immobilized poly(vinyl alcohol) hybrid polymer as an artificial cornea

scaffold that supports a stratified and differentiated corneal epithe-

lium. J Biomed Mater Res Part B Appl Biomater. 2007;81B(1):201-

206. https://doi.org/10.1002/jbm.b.30654.

52. Hasmad H, Yusof MR, Mohd Razi ZR, Hj Idrus RB, Chowdhury SR.

Human amniotic membrane with aligned electrospun fiber as scaf-

fold for aligned tissue regeneration. Tissue Eng Part C Methods.

2018;24(6):368-378. https://doi.org/10.1089/ten.tec.2017.0447.

53. Finger PT, Jain P, Mukkamala SK. Super-thick amniotic membrane

graft for ocular surface reconstruction. Am J Ophthalmol. 2019;198:

45-53. https://doi.org/10.1016/j.ajo.2018.09.035.

54. Morkin MI, Hamrah P. Efficacy of self-retained cryopreserved amni-

otic membrane for treatment of neuropathic corneal pain. Ocul Surf.

2018;16(1):132-138. https://doi.org/10.1016/j.jtos.2017.10.003.

55. Kotomin I, Valtink M, Hofmann K, et al. Sutureless fixation of amni-

otic membrane for therapy of ocular surface disorders. PLoS One.

2015;10(5):e0125035. https://doi.org/10.1371/journal.pone.0125

035.

56. Ochsenbein-Kölble N, Jani J, Lewi L, et al. Enhancing sealing of fetal

membrane defects using tissue engineered native amniotic scaffolds

in the rabbit model. Am J Obstet Gynecol. 2007;196(3):263.e1–263.
e7. https://doi.org/10.1016/j.ajog.2006.10.904.

57. Amensag S, Goldberg L, O'Malley KA, Rush DS, Berceli SA,

McFetridge PS. Pilot assessment of a human extracellular matrix-

based vascular graft in a rabbit model. J Vasc Surg. 2017;65(3):

839–847.e1. https://doi.org/10.1016/j.jvs.2016.02.046.
58. Hortensius RA, Ebens JH, Harley BAC. Immunomodulatory effects

of amniotic membrane matrix incorporated into collagen scaffolds.

J Biomed Mater Res Part A. 2016;104(6):1332-1342. https://doi.org/

10.1002/jbm.a.35663.

59. Gholipourmalekabadi M, Samadikuchaksaraei A, Seifalian AM, et al.

Silk fibroin/amniotic membrane 3D bi-layered artificial skin. Biomed

Mater. 2018;13(3):035003. https://doi.org/10.1088/1748-605X/

aa999b.

60. Duerr RA, Ackermann J, Gomoll AH. Amniotic-derived treatments

and formulations. Clin Sports Med. 2019;38(1):45-59. https://doi.

org/10.1016/j.csm.2018.08.002.

61. Gholipourmalekabadi M, Farhadihosseinabadi B, Faraji M,

Nourani MR. How preparation and preservation procedures affect

the properties of amniotic membrane? How safe are the proce-

dures? Burns. 2019;46:1254-1271. https://doi.org/10.1016/j.burns.

2019.07.005.

62. AmnioChor. 2017. Placental tissue products sold as 361's. http://

www.amniochor.com/files/pdfs-downloads-/Amniotic-Membrane-

Tiss

63. Nguyen P, Rue K, Heur M, Yiu SC. Ocular surface rehabilitation:

application of human amniotic membrane in high-risk penetrating

keratoplasties. Saudi J Ophthalmol. 2014;28(3):198-202. https://doi.

org/10.1016/j.sjopt.2014.06.010.

64. DiDomenico LA, Orgill DP, Galiano RD, et al. Aseptically

processed placental membrane improves healing of diabetic foot

ulcerations: prospective, randomized clinical trial. Plast Reconstr

Surgery Glob Open. 2016;4(10):e1095. https://doi.org/10.1097/

gox.0000000000001095.

65. Laurent I, Astère M, Wang KR, Cheng Q, Li QF. Efficacy and time

sensitivity of amniotic membrane treatment in patients with dia-

betic foot ulcers: a systematic review and meta-analysis. Diabetes

Ther. 2017;8(5):967-979. https://doi.org/10.1007/s13300-017-

0298-8.

66. Mohajeri-Tehrani MR, Variji Z, Mohseni S, et al. Comparison of a

bioimplant dressing with a wet dressing for the treatment of diabetic

foot ulcers: a randomized, controlled clinical trial. Wounds Compend

Clin Res Pract. 2016;28(7):248-254.

67. Pogozhykh O, Prokopyuk V, Figueiredo C, Pogozhykh D. Placenta

and placental derivatives in regenerative therapies: experimental

studies, history, and prospects. Stem Cells Int. 2018;2018:1-14.

https://doi.org/10.1155/2018/4837930.

68. European Commission health and food safety. 2018. Summary of

the 2018 annual reporting of serious adverse reactions and events

for tissues and cells.

69. European Medicines Agency. 2018. Summaries of scientific recom-

mendations on classification of advanced therapy medicinal prod-

ucts j European Medicines Agency. https://www.ema.europa.eu/

en/human-regulatory/marketing-authorisation/advanced-therapies/

advanced-therapy-classification/summaries-scientific-recommendations-

classification-advanced-therapy-medicinal-products

70. European Commission. 2020. EU Coding Platform- EU Tissue Estab-

lishment Compendium. Accessed October 23, 2020, from https://

webgate.ec.europa.eu/eucoding/reports/te/activities.xhtml

71. Barcelona Tissue Bank. 2019. Amniotic membrane extract - Tissue -

Banc de Sang i Teixits. https://www.bancsang.net/professionals/

tissue/61/amniotic-membrane-extract

72. Barcelona Tissue Bank. 2019. Amniotic membrane - Tissue - Banc

de Sang i Teixits. https://www.bancsang.net/professionals/tissue/

60/amniotic-membrane.

73. Hunt CJ. Cryopreservation: Vitrification and controlled rate cooling.

Methods Mol Biol. 2017;1590:41-77. https://doi.org/10.1007/978-

1-4939-6921-0_5.

74. Jang TH, Park SC, Yang JH, et al. Cryopreservation and its clinical

applications. Integr Med Res. 2017;6(7):12-18. https://doi.org/10.

1016/j.imr.2016.12.001.

75. Song YC, Pegg DE. Principles of cell and tissue cryopreservation. Tis-

sue and Cell Processing. Oxford, UK: Blackwell Publishing Ltd; 2012:

71-84. https://doi.org/10.1002/9781118316467.ch4.

76. Spindler R, Wolkers WF, Glasmacher B. Dimethyl sulfoxide and eth-

ylene glycol promote membrane phase change during cryopreserva-

tion. Cryo-Letters. 2011;32(2):148-157.

77. Awan M, Buriak I, Fleck R, et al. Dimethyl sulfoxide: a central

player since the dawn of cryobiology, is efficacy balanced by toxic-

ity? Regen Med. 2020;15(3):1463-1491. https://doi.org/10.2217/

rme-2019-0145.

78. Spindler R, Wolkers WF, Glasmacher B. Effect of Me2SO on mem-

brane phase behavior and protein denaturation of human pulmonary

endothelial cells studied by in situ FTIR spectroscopy. J Biomech Eng.

2009;131(7):074517. https://doi.org/10.1115/1.3156802.

79. Polge C, Smith AU, Parkes AS. Revival of spermatozoa after vitrifica-

tion and dehydration at low temperatures. Nature. 1949;164(4172):

666. https://doi.org/10.1038/164666a0.

80. Lovelock JE, Bishop MWH. Prevention of freezing damage to living

cells by dimethyl sulphoxide. Nature. 1959;183(4672):1394-1395.

https://doi.org/10.1038/1831394a0.

81. Maximow N. 7. N. A. Maximow: Chemische Schutzmittel der

Pflanzen gegen Erfrieren. I. Ber Dtsch Bot Ges. 1912;30(2):52-65.

https://doi.org/10.1111/J.1438-8677.1912.TB06936.X.

82. Meryman HT. Cryoprotective agents. Cryobiology. 1971;8(2):173-

183. https://doi.org/10.1016/0011-2240(71)90024-1.
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